Introduction
Ionic liquids are a new class of liquids with low melting points even though they are composed solely of ions. Although the potential for ionic liquids to be used as non-volatile solvents for green chemistry and liquid electrolytes is of broad interest, the physicochemical properties of ionic liquids are not well understood. The 1-alkyl-3-methylimidazolium cation is a prototype organic cation that can generate a variety of ionic liquids when combined with different anions. The physicochemical properties of these ionic liquids are significantly influenced by the nature of the alkyl imidazolium substituents and that of the counter anions. Considering the characteristic properties of the various cations, structural information about them is quite valuable to characterize ionic liquids. In the past studies, the crystal structures of polymorphs of 1-butyl-3-methylimidazolium chloride, [ were determined, and the crystal structures of the various cations designed in our group were also determined. [7] [8] [9] One of the attractive features of the 1-alkyl-3-methylimidazolium cation is its inherently amphiphilic character as a surfactant. Many studies were carried out to investigate the aggregation behavior of ionic liquids in solutions. Bowers 11 Although the 1-decyl-3-methylimidazolium bromide, which is a long alkyl-chain imidazole ionic liquid, was shown to form micelles in water by the study of Gaillon et al., 12 the short chain bromide ionic liquid, [bmim]Br, did not. Singh and Kumar investigated self-aggregation of the [bmim]Cl in aqueous solution, and its critical aggregation concentration was determined to be 935 mM. 13 In the present study, the aggregation behavior of [bmim]Br ( Fig. 1 ) in D2O has been investigated using NMR spectroscopy. To obtain the information of the internal rotational mobility of a cation at the atomic level and to analyze the self-aggregation mechanism in the diluted solution state, we compared the activation energies of the 13 C nuclei of the [bmim] + at different concentrations.
Experimental
The NMR spectra were recorded using the samples of 0.01, 0.05, 0.10, 0.25, 0.50, 0.75, 1.0, 2.0 and 3.0 mol dm -3 in 99.9% D2O at 303 K. The complete 1 H and 13 C assignments were performed on a JEOL JNM-LA500 spectrometer using the conventional 2D NMR techniques. The difference NOE spectra were acquired on a JEOL JNM-ECA600 spectrometer, and the . The estimated 13 Cactivation energies indicated that the rotational mobility of the butyl-chain was more restricted than that of the imidazole ring at 0.1 mol dm -3 , whereas such a significant difference was not observed at 3.0 mol dm -3 . These results suggest that [bmim] + forms micelle-like aggregations below 0.1 mol dm -3 in D2O. double pulsed field gradient spin-echo (DPFGSE) sequence 14, 15 was used for the selective excitation of 1 H signals. The mixing time of NOE was 1.2 s. The 1 H spin-lattice relaxation times (T1) were measured on a JEOL JNM-LA400 spectrometer using the inversion recovery pulse sequence. The T1 values were calculated from the measurement results using the non-linear least-squares analysis included in the JEOL Lambda software. The 13 C-T1 measurements for the samples of 0.1 and 3.0 mol dm -3 were performed in the temperature range from 303 to 363 K by 5 K steps using the JEOL JNM-ECA600 and JEOL JNM-LA400 spectrometers, respectively.
Notes
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The rotational mobility of 13 C nuclei was evaluated based on the 13 C-activation energies (Ea) obtained using the following equation: 16
where tA, constant; R, gas constant; T, absolute temperature.
When wtc << 1, tc is proportional to 1/T1 as follows:
therefore, ln T1 = -(Ea/R)(1/T) + C. The values of Ea were obtained from the slope of the ln T1 vs. 1/T plots using the least squares methods.
Results and Discussion
The 1 H-T1 values of [bmim] + as a function of the concentration are shown in Fig. 2 . Generally, the 1 H-T1 values of molecules increase with the decrease of concentration, which was observed for the [bmim]Br in D2O in the range of 0.1 -3.0 mol dm -3 . The increase of 1 H-T1 values of H4 and H5 nuclei was relatively larger than that of other protons (Fig. 2) , probably owing to the decrease of intermolecular dipolar interactions. The opposite phenomenon was observed below 0.1 mol dm -3 -3 , and the values of H4 and H5 significantly decreased (Fig. 2) . The restriction of mobility could have significantly influenced the intermolecular dipolar interactions. This result suggests that some structural change, such as aggregation or self-aggregation, occurred at the low concentrations. The diffusion coefficients of the [bmim] + were also decreased below 0.1 mol dm -3 , 17 which coincides with the present 1 H-T1 result. To qualitatively elucidate the structural change at the low concentration in D2O, we calculated the activation energies of the 13 C nuclei at 0.1 and 3.0 mol dm -3 based on the 13 C-T1 values. The activation energies were estimated from the leastsquares analysis for the linear region of ln T1 vs. 1/T plots shown in Fig. 3 in the temperature range from 303 to 363 K. At the concentration of 3.0 mol dm -3 , the activation energies of the methyl carbons of C1≤ and C4¢ were 12.9 and 15.2 kJ mol -1 , respectively, and those of the rest were in the narrow range of 16.8 -19.0 kJ mol -1 (Table 1) , indicating the similar rotational mobility in the imidazole ring and in the butyl-chain. At the concentration of 0.1 mol dm -3 , all values of the activation energies decreased comparing with those at 3.0 mol dm -3 owing to the more active rotation of the cations resulting from the decrease of viscosity. The activation energies of C4 and C5 in the imidazole ring were 5.6 and 5.5 kJ mol -1 , respectively, whereas those of C2¢ and C3¢ in the butyl-chain were 9.1 and 8.5 kJ mol -1 , respectively, which were obviously larger than those of C4 and C5 (Table 1 ). This result indicates that rotation of the butyl-chain was more restricted than that of the imidazole ring at 0.1 mol dm -3 . Considering the present characteristic results of 1 H-T1 and 13 C-activation energies, we propose that the [bmim] + form micelle-like aggregation below 0.1 mol dm -3 , where the butyl-chains face toward the inside of the micelle with the restricted motion and the imidazole rings face toward the outside.
The difference NOE spectra were acquired to obtain information of the interproton distances (Figs. 4 and 5) . At the concentration of 3.0 mol dm -3 (Fig. 4) , the irradiation at the resonance of H4¢ or H1≤ gave rise to NOE signals for all protons except H2, which was a very weak signal, and the NOE signals between H4¢ and H1≤ were clearly observed. Since the interproton distances between H4¢ and H1≤ were longer than 6.2 Å in the crystal structure of [bmim]Br, 4 the intramolecular NOE signals between them were not expected to be observed, indicating that intermolecular NOE signals were the ones observed. The [bmim] + closely interact with each other at the high concentration of 3.0 mol dm -3 , resulting in the unambiguous observation of the intermolecular NOEs. At the lower concentrations of 0.1 mol dm -3 , the aforesaid NOE signals between H4¢ and H1≤ were not observed, and only the NOE signals inside the butyl-chain or imidazole ring were observed (Fig. 5) . Almost the same NOE spectrum was obtained at 0.05 mol dm -3 (data not shown). The above NOE observation does not contradict the claim that the micelle-like aggregation formed below 0.1 mol dm -3 . The decreased diffusion coefficients 17 of the [bmim] + below 0.1 mol dm -3 also support self-aggregation at the low concentration range. Fig. 4 The difference NOE spectra of [bmim] + acquired at 3.0 mol dm -3 . Irradiations at (A) H1≤ and (B) H4¢ in the difference NOE experiments, and (C) the reference spectrum. In (A) and (B), the positions of irradiation are shown by arrows. Fig. 5 The difference NOE spectra of [bmim] + acquired at 0.1 mol dm -3 . Irradiations at (A) H1≤ and (B) H4¢ in the difference NOE experiments, and (C) the reference spectrum. In (A) and (B), the positions of irradiation are shown by arrows.
